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Introduction 29
Although several types of dyeing auxiliary are available that offer different kinds of assistance to 30 immersion dyeing processes, the manner by which many auxiliaries function is unclear (1). An 31 analysis (2) of published work relating to the role of the most important auxiliary utilised in the 32 exhaust dyeing of cellulosic fibres with direct dyes, namely inorganic electrolyte (NaCl or Na 2 SO 4 ), 33 enabled a theoretical model to be devised (3), which invoked the concept of interstitial water, to 34 explain the role of added NaCl or Na 2 SO 4 in the application of direct dyes. The promotional effect of 35 added inorganic electrolyte on direct dye uptake was considered to arise because of the combined 36 effects of induced dye aggregation and consequent reduced dye solubility on the effective dye 37 concentration gradient that exists between the amount of dye in the dyebath and the amount of dye 38 in the fibre; two equations were derived to interpret this theoretical model of direct dye adsorption 39 (3). The same theoretical model was also able to explain the promotional effect which reducing the 40 liquor ratio used for dyeing has upon the uptake of direct dyes on cellulosic fibres and two equations 41 were devised (4). The model was then employed to interpret the results obtained for a series of 42 dyeings on cotton which had been carried out using commercial grade direct dyes, employing 43 different liquor ratios in both the absence and presence of added NaCl (5). It was shown (5) that 44 because adding inorganic electrolyte to a direct dye dyebath and reducing the liquor ratio used for 45 dyeing achieve the same outcome, namely promotion of direct dye uptake, it is possible to dye 46 cotton to realistic depths of shade using direct dyes in the absence of added inorganic electrolyte 47 M A N U S C R I P T
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5 unreacted dye, and very high levels of inorganic electrolyte, reactive dyeing wastewater typically 110 presents considerable environmental and economic challenge. 111 112 3 proposed theory of the role of added electrolyte in the dyeing of cellulosic fibres using 113
reactive dyes 114
As discussed (6) , because the adsorption of reactive dyes onto cellulosic fibres in the absence of 115 dye-fibre reaction is assumed to parallel that of direct dyes, the mechanism by which the dyes are 116 adsorbed is also presumed to resemble that of direct dyes; consequently, the same theories which 117 have been proposed to explain the promotional effect imparted by added inorganic electrolyte on 118 the uptake of direct dyes are assumed to apply in the case of reactive dyes (6) . Unfortunately, none 119 of these theories satisfactorily explains why reactive dyes (or direct dyes) display low uptake when 120 applied in the absence of added inorganic electrolyte nor can they account for the remarkable ability 121 of added NaCl and Na 2 SO 4 to promote the uptake of reactive dyes on cellulosic substrates. 122
123
From an analysis of published research findings relating to the influence of added inorganic 124 electrolyte on reactive dye uptake, it was concluded (6) that the promotional effect imparted by 125 inorganic electrolyte can be attributed to the marked proclivity of the dyes to aggregate in aqueous 126 solution via coplanar association, a phenomenon that is encouraged not only by addition of 127 inorganic electrolyte but also high dye concentration. It was therefore considered (6) that adding 128 either NaCl or Na 2 SO 4 to a reactive dye dyebath utilises the intrinsic propensity of reactive dyes to 129 self-associate in solution via coplanar association, which is a consequence of the dye's 130 characteristic long, planar structure and presence of one (or more usually) more sulfonate groups. 131
As such, the outstanding ability of inorganic electrolyte to promote reactive dye aggregation in 132 aqueous dyebaths can be attributed to the anionic charge on the dye anions derived from the -SO 3 -133 groups being shielded by the added electrolyte counterions (Na + ), which reduces electrostatic 134 repulsion between neighbouring dye anions so that hydrophobic interaction between planarshielding effect of the added inorganic electrolyte Na + counter-ions together with the strong π-πM A N U S C R I P T
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6 interactions between aromatic centres in neighbouring dye molecules will result in the dye 138 molecules within the dye aggregates having lower aqueous solubility than their non-aggregated 139 direct dye counterparts that are present in solution within the dyebath. As the driving force for dye-140 dye hydrophobic interaction is the need for the water molecules within the immediate proximity of 141 the reactive molecules to reduce their contact with the dye solutes, so that disruption of the 142 surrounding water structure by the dye molecules is minimised, the ensuing aggregates will 143 therefore tend to coalesce and form low solubility dye particles that will be present within the 144 dyebath in the form of a dispersion. 145
146
Hence, the addition of NaCl or Na 2 SO 4 to an aqueous solution of a reactive dye reduces the 147 solubility of the dye, as has been observed (8, 9); since this reduction in dye solubility increases with 148 increasing amount of inorganic electrolyte (9, 10) the extent of electrolyte-induced dye aggregation 149 also increases with increasing amount of added NaCl or Na 2 SO 4 , as has also been observed (11). It 150 follows therefore that when sufficiently high amounts of added electrolyte are added to a reactive 151 dye solution, the resulting reduction in dye solubility is likely to be so pronounced as to result in dye 152 precipitation, especially when low liquor ratios are employed for dyeing, as again has been 153 observed and will be reported in the next part of the paper. It was therefore suggested (6) that 154 applying reactive dyes to cellulosic fibres in the presence of added inorganic electrolyte constitutes 155 a process of controlled dye precipitation onto the substrate, in which sufficient added electrolyte is 156 employed to induce the formation of a dispersion of dye particles in the aqueous dyebath without 157 imparting flocculation of the dye. 158 dissolved in an aqueous dyebath that does not contain added inorganic electrolyte, the dye will 164 display an inherent predisposition to remain in the aqueous phase (ie the dyebath) rather thanM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 transfer to the fibre phase; consequently, when applied in the absence of added NaCl or Na 2 SO 4 , 166 the extent of dye uptake onto the cellulosic substrate will be low. However, the above discussion 167
indicates that when inorganic electrolyte is added to a reactive dye dyebath, the solubility of the dye 168 is reduced (8-10) owing to enhanced dye self-association, which results in dye uptake onto the 169 cellulosic fibre being promoted. It therefore appears that the promotional effect of added NaCl or 170 Na 2 SO 4 on reactive dye adsorption can be attributed to the intrinsic predisposition of the dye to 171 favour the aqueous phase having been markedly reduced, so that transfer of the dye to the 172 substrate is favoured and dye uptake therefore promoted. In essence, the characteristically high 173 aqueous solubility of reactive dyes, which is commonly conferred by the presence of sulfonate 174 groups in the dye molecules, is responsible for the inherently low substantivity displayed by the dyes 175 towards cellulosic fibres in the absence of added electrolyte; such high dye solubility is also the 176 reason why added inorganic electrolyte is so effective in promoting reactive dye uptake. 177
178
This particular argument was previously advanced to explain the promotional effect of added 179 inorganic electrolyte on the uptake of direct dyes on cellulosic fibres (3). That a similar rationale 180 might apply to both direct dyes and reactive dyes seems a reasonable proposition, when it is 181 recalled that the adsorption of reactive dyes on cellulosic fibres is assumed to occur in a manner 182 analogous to that of direct dyes and the mechanism by which added inorganic electrolyte promotes 183 reactive dye uptake prior to dye-fibre fixation is also assumed to be analogous to that described for 184 direct dye uptake (7). 185
186
In this context, it was proposed (3) that in the case of direct dyes, the solubility of the dye in the 187 dyebath is crucially important in terms of dye-fibre substantivity. By way of brief explanation, dye-188 fibre substantivity reflects the attraction between a dye and a fibre that results from intrinsic physical was proposed (3) that the solubility of a direct dye will also be a major contributory factor in the 196 process of dye diffusion whereby dye molecules spontaneously move from the dyebath phase to the 197 fibre phase as a result of the concentration gradient that exists between the two phases, since the 198 solubility of the dye will impact directly on the magnitude of the dye concentration gradient. Hence, 199 the most important aspect of an immersion dyeing process using direct dyes is the aqueous 200 solubility of the dye since it determines the tendency of the dye to favour either the dyebath phase 201 or the fibre phase and, thus, regulates the extent of dye transfer to the substrate. 202
203
An identical argument can be proposed in the case of reactive dyes since, as mentioned, they bear 204 a close structural resemblance to direct dyes and both the adsorption of reactive dyes on cellulosic 205 fibres and the mechanism by which added inorganic electrolyte promotes reactive dye uptake prior 206 to dye-fibre fixation, are assumed to be analogous to that described for direct dyes (7). 207 208
a model to explain the adsorption of reactive dyes on cellulosic fibres 209
Two approaches can be used to derive a model that explains reactive dye uptake on cellulosic 210 fibres in both the presence and absence of added inorganic electrolyte; as previously described in 211 the case of direct dyes and cellulosic fibres (3), such a model can also explain the promotional 212 effect of reduced liquor ratio on the immersion reactive dyeing system. 213 214
the theory of interstitial water 215
The concept of interstitial water has been described in terms of the development of a dyeing 216 processes (16) and wash-off processes (17-20) for various dye-fibre systems, as well as the 217 mechanism by which direct dyes are adsorbed onto cellulosic fibres (3). The concept is based on 218 the assumption that a very small proportion of the water that is employed in exhaust dyeing residesM A N U S C R I P T
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9 which corresponds to its moisture regain at 100% relative humidity (~0.22 l per kg -1 of fibre in the 221 case of cotton), is that required to saturate the textile substrate and impart the crucially important 222 actions of fibre wetting and fibre swelling. In the context of the model of dye adsorption described 223 below, the term interstitial water refers specifically to water which is adsorbed by the fibrous 224 substrate and, from which, the transfer of dye molecules/ions from the dyebath phase to the fibre 225 phase occurs (3). The remaining proportion of the water that is used in immersion dyeing processes 226 (~0.78 l kg -1 in the case of cotton) constitutes the bulk dyebath that surrounds the water-swollen 227 fibre phase and provides functions such as agitation, heating, dye dissolution, etc. As such, the 228 aqueous dyebath includes both interstitial water located within the swollen fibrous substrate as well 229 as bulk dyebath water located without the textile substrate. Thus, dissolved dye molecules will be 230 present within the interstitial dye solution in the fibre phase and, also, within the bulk dye solution in 231 the dyebath phase. The transfer of dye molecules from the bulk dye solution in the dyebath phase to 232 the solid fibre occurs via the interstitial dye solution within the fibre. 233
234
The concept of interstitial water in dyeing assumes (3) that in porous substrates, such as textile 235 fibres, different types of sorbed water are present namely: 236
• free water, which displays properties analogous to those of pure water in terms of 237 solvency and mobility; 238
• strongly bound water which is closely associated with the substrate and is immobile 239 and, therefore displays considerably different properties to those of free water; 240
• weakly bound water. 241
Such a model of water sorption compliments electric double-layer theory (13) which is commonly 242 utilised to describe the ionic environment within solutions of polar liquids, such as water, when they 243 are in the close vicinity of a charged surface, such as a textile fibre. Interstitial water is considered to 244 comprise the three types of sorbed water referred to above and, as such, according to the concept 245 of interstitial water in dyeing, the aqueous, ionic environment within the fibre interstices will be muchM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
water molecules and reduced mobility bound water molecules within the interstitial regions of the 248 substrate, as well as the influence of the charged cellulosic fibre surface on the distribution of 249 nearby sorbed ions/molecules (3). Therefore, the behaviour of dye molecules that are present within 250 the interstitial water in the fibre differs to that of dye molecules that reside within the bulk aqueous 251 dyebath that surrounds the fibre. A later part of the paper will provide a detailed account of 252 interstitial theory of dyeing in the context of various dye-fibre systems. 253
254
The wetted, swollen fibre therefore comprises an interstitial dye solution that is in intimate contact 255 with dye solution that comprises the bulk dyebath which surrounds the fibre. It is considered that 256 dyeing, or more correctly, the transfer of dye molecules from the aqueous phase (dyebath) to the 257 fibre phase occurs from within this interstitial dye solution. Therefore, the aqueous dyebath 258 comprises both interstitial water that resides within the swollen fibre as well as bulk dyebath water 259 that is external to the textile substrate. Owing to the propensity of direct dye molecules to self-associate in solution, which is encouraged by 281 the presence of added inorganic electrolyte, at the start of dyeing, a proportion of the dye will likely 282 be present in the form of particles (ie aggregates of dye molecules) that will comprise a bulk 283 dyebath dye dispersion within the bulk dyebath phase. Dissolved dye molecules/ions will also be 284 present that make up a bulk dyebath dye solution; dissolved dye molecules will also populate the 285 interstitial dye solution within the interstitial phase in the fibre. As dye aggregation decreases with 286 increasing temperature, as dyeing proceeds, and the dyebath temperature increases, so the 287 proportion of dye aggregates will reduce because dye molecules are released from the dye particles 288 within the bulk dyebath dispersion and dissolve in the bulk dyebath solution; consequently, the 289 proportion of dissolved dye ions within the dye solution in the dyebath will increase. Dye molecules 290 that are present in the interstitial dye solution within the fibre will interact with the fibre and become 291 adsorbed (for example, by means of a Freundlich-type or Langmuir-type process (2, 3)). As dye 292 molecules are adsorbed onto the substrate, further dye molecules in the bulk dyebath solution 293 transfer to, and replenish, the interstitial dye solution so that further dye adsorption can occur. 294
Further dye molecules from the dye particles within the bulk dyebath dye dispersion are then 295 released and dissolve in, and replenish, the bulk dyebath dye solution. 296 297 This process of dye dissolution from the bulk dyebath dye dispersion to the bulk dyebath dye 298 solution, and the transfer of dye molecules/ions from the bulk dyebath dye solution to the interstitial 299 dye solution, followed by dye molecule adsorption from the interstitial dye solution (as depicted by 300 M A N U S C R I P T
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Because of the close structural resemblance of reactive dyes to direct dyes (ie both dye types are 303 characteristically, long, planar, anionic molecules solubilised by one or more ionised sulfonate 304 groups) (6), coupled with the fact that prior to the reactive dye forming a covalent reaction with the 305 cellulosic fibre, the adsorption of reactive dyes on cellulosic fibres is assumed to occur in a manner 306 analogous to that of direct dyes, the mechanism by which added inorganic electrolyte promotes 307 reactive dye uptake prior to dye-fibre fixation can be described in terms of the notion that dye 308 adsorption proceeds from interstitial dye solution present within the substrate, as previously 309 described for direct dye uptake (2, 3), displayed in Scheme 1. one that describes the distribution of dye between the two phases at any point throughout 339 the immersion dyeing process; 340
ii.
one that describes the effect of added NaCl or Na 2 SO 4 on the distribution of the dye between 341 the fibre and dyebath phases at the end of an immersion dyeing process, irrespective of 342 whether or not equilibrium dye uptake had been achieved; 343 344
an equation that applies to dye uptake during immersion dyeing 345
To achieve complete dye exhaustion in immersion dyeing, the inherent tendency of dissolved 346 reactive dye molecules to move from the dyebath phase to the fibre phase under the influence of 347 the process of diffusion, that is driven by the dye concentration gradient between the dye in the 348 dyebath phase and the fibre phase, must be supplemented by dye-fibre substantivity. As mentioned 349 (6), the degree of substantivity displayed by a given reactive dye towards a particular cellulosic 350 textile fibre can be controlled by adjusting dyebath conditions (eg dyeing auxiliaries, controlling the 351 rate of temperature rise, etc.). As these adjustments principally regulate the solubility of the dye in 352 the aqueous dyebath, the primary contributor to reactive dye-cellulosic fibre substantivity and, 353 consequently, the predisposition of the dye to favour the fibre phase or dyebath phase, can be 354 assumed to be the solubility of the dye in the dyebath, as proposed in the case of direct dyes (3). ; the greater this difference, the higher will be dye-fibre substantivity, and, therefore, the 377 greater the extent of dye uptake. Eq 1 therefore provides a model that relates both the degree of 378 reactive dye-cellulosic fibre substantivity, via S, and the corresponding extent of dye uptake 379 achieved, to the solubility of the dye: thus, Eq 1 provides an explanation for the nature of reactive 380 dye-cellulosic fibre substantivity based on the role of dye solubility. 381 The promotion of reactive dye uptake onto cellulosic fibres imparted by added inorganic electrolyte 421 can therefore be explained in terms of the model proposed for direct dyes on cellulosic fibres, (3), 422 namely, the combined effects of increased dye aggregation and reduced dye solubility on the 423 effective concentration of dye in the aqueous dye solution in the dyebath phase. Hence, the amount 424 of dye in the fibre solution phase (ie the fibre) is determined by the effect of the added inorganic 425 electrolyte on the concentration of reactive dye in the dyebath solution phase (ie the dyebath). 426
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427
As discussed in section 4, this mechanism can also be used to describe the promotional effect of 428 reducing liquor ratio on the uptake of reactive dyes on cellulosic fibres in both the presence and 429 absence of added electrolyte. 430 431
an equation that applies to the final dye distribution at the end of dyeing 432
In terms of the mechanism by which reactive dyes are adsorbed on cellulosic fibres, Eq 2 is widely 433 accepted as describing the partition of dye between the fibre phase and the solution phase when 434 equilibrium dye uptake has been attained (ie when dye adsorption and dye desorption processes 435 are equal) (7). In Eq 2, The analysis of equilibrium dye adsorption data using variants of Eq 2 is widely used as a means of 450 interpreting the mechanism by which reactive dye adsorption has occurred (in the absence of dye-451 fibre reaction) in a manner analogous to that of direct dyes (7) and, therefore, is considered to 452 provide information about how reactive dye (and direct dye) molecules interact with the textile 453 substrate, for example, via specific site interactions (Langmuir-type) or non-specific site interactions 454 (Freundlich-type). However, the use of Eq 2 and variants to analyse isothermal equilibrium dye 455 adsorption data provides no information regarding the dyeing process prior to equilibrium, which, 456 from the viewpoint of a commercial immersion dyeing processes that are not carried out to 457 equilibrium, is a very important consideration. Also, equations such as Eq 2 (and others) are unable 458 to satisfactorily explain not only why reactive dyes display inherently low substantivity towards 459 cotton and other cellulosic fibres in the absence of added inorganic electrolyte but also why added 460 inorganic electrolyte (or reduced liquor ratio) so effectively promote dye uptake. 461 462 Eq 1 was therefore derived to address these issues in the case of direct dyes and cellulosic fibres 463 M A N U S C R I P T
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a dye between the fibre and dyebath phases at the end of dyeing, Eq 1 provides information about 465 how that partition may have been achieved. 466 
467
It has been demonstrated (3) that, if dye solubility is assumed to be the major contributor to reactive 468 dye-fibre substantivity and, also, that the solubility of the reactive dye in the dyebath phase governs 469 the partition of the dye between the fibre and dyebath phases, the relationship represented by Eq 2 470 can be used to interpret the effect of electrolyte-induced aggregation and consequent reduced 471 solubility on the extent of direct dye at the end of an immersion dyeing process. Such a situation 472 applies in the case of dyeings which have not been carried out to equilibrium (3), since, in terms of 473 the work described in this part of the paper (and others that follow), the mechanism of reactive 474 dyeing from the viewpoint of dye-fibre interactions (prior to dye fixation), as normally revealed from 475 analysis of equilibrium dyeings using derivatives of Eq 2, is not sought. Instead, the aims of the work 476 undertaken were to firstly establish the motivational force that encourages the transfer of the 477 reactive dye molecules from the dyebath phase to the fibre phase and, secondly, to clarify the roles 478 of added inorganic electrolyte and reduced liquor ratio in this dye transfer process, under conditions 479 that mimic commercial dyeing (ie non-equilibrium) dyeing. 
comparison of the two equations 510
Whilst Eq 1 and Eq 3 both describe the promotional effect imparted by added inorganic electrolyte 511 on reactive dye adsorption, the equations differ in terms of the nature of the data that is required for 512 their solution, because the two equations apply to different stage of the immersion dyeing process. 513
Eq 1 concerns the manner by which the reactive dye molecules transfer from the dyebath phase to 514 the fibre phase during the dye adsorption process (ie during dyeing), which therefore requires 515 information about the aqueous solubility of the dye in both the interstitial dye solution and the bulk 516 dyebath solution. Such data is not especially easy to collect: for example, in the case of non-517 isothermal dyeing processes, the collection of data of this type would involve determining dyeM A N U S C R I P T
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20 during dyeing and the dissociation of alkalis that are employed in reactive dyeing, such as NaHCO 3 , 520 varies as a function of temperature. Because Eq 3 describes how the particular final distribution of 521 the reactive dye molecules between the dyebath and fibre phases was achieved at the end of the 522 dye adsorption process (ie at the end of dyeing) for which knowledge of the far more easily 523 experimentally measurable amounts of dye in the solid fibre and the dyebath at the end of dyeing 524 are requires; thus Eq 3 offers a more amenable alternative to Eq 1. 525 526 4 the role of liquor ratio in the dyeing of cellulosic fibres using reactive dyes 527
The general effects of liquor ratio on immersion dyeing processes was discussed in the first part of 528 the paper (1). In essence, the liquor ratio selected for reactive dyeing has a marked effect on the 529 rate and extent of dye uptake as well as the degree of dye-fibre fixation achieved. Liquor ratio also 530 influences the degree of substantivity displayed by the dye towards the fibre because the amount of 531 water in the dyebath available for dye dissolution and, thus, the amount of dye available for 532 adsorption, is determined by liquor ratio. Also, because the amount of dye used in dyeing is 533 normally based on the mass of fibre (ie % omf), the effective dye concentration in the dyebath is 534 also determined by liquor ratio. Hence, the intensity of the dye/inorganic electrolyte interactions that 535 are responsible for promoting dye uptake are influenced greatly by liquor ratio. Whilst the characteristically high aqueous solubility of reactive dyes is beneficial in terms of the 542 renowned ability of the dyes to respond in a controlled and predictable manner to added NaCl or 543 Na 2 SO 4 during exhaust dyeing, the solubility of the dye in the aqueous dyebath, as reflected by the 544 liquor ratio used for dyeing, impacts directly on the effectiveness with which added electrolyte 545 promotes dye uptake. This is illustrated graphically by the data displayed in Figure 1 which shows 546 that the amount of added NaCl required for the application of Novacron FN (Huntsman) reactive 547 dyes increases with increase in liquor ratio as a function of the amount of dye applied (8). The 548 greater amounts of electrolyte required for dyeing when 3-5% omf dye is used at liquor ratios >1:8 549 are, presumably, to offset the comparatively higher levels of dye solubility at such long liquor ratios. 550 551 Several workers have sought to examine the effect of liquor ratio on reactive dye uptake [eg (21-24), 552 as exemplified by Gorensek et al (25) who found that reducing liquor ratio increased both the extent 553 of dye uptake and fixation of four commercial monochlorotriazinyl reactive dyes on cotton, the 554 observed increase in uptake at lower liquor ratios being attributed to increased dye-fibre 555 substantivity (24). Whilst the promotional effect that a reduction in liquor ratio imparts to dye uptake 556 in immersion dyeing processes is a well-discussed topic, the precise nature by which this 557 promotional effect might be achieved has not been fully resolved. 558 559
proposed theory of the role of liquor ratio in the dyeing of cellulosic fibres using reactive dyes 560
Two approaches can be used to derive a model that explains why reducing the liquor ratio used for 561 dyeing increases the uptake of reactive dyes on cellulosic fibres, in both the presence and absence 562 of added inorganic electrolyte. Recourse can be made to the model that describes the effect of reducing liquor ratio on the 566 adsorption of direct dyes on cotton, which invokes the concept of interstitial water in dyeing (4). 567
When the liquor ratio used for dyeing is lowered, it follows that the solubility of the reactive dye will 568 be lowered, because the amount of water available for dissolution of the dye has reduced. In effect, the increased uptake of reactive dyes that accompanies a reduction in the liquor ratio 596 employed for dyeing is a process of controlled precipitation of the dye within the fibre. As such, 597 reducing the liquor ratio used for dyeing is analogous to that of adding inorganic electrolyte to the 598 dyebath, insofar as, both actions lower the concentration of dye in the dyebath solution phase. 599 600 It was shown (5), that Eq 4 explained why the use of very low liquor ratios enabled direct dyes to be 601 applied in the complete absence of added NaCl or Na 2 SO 4 because reducing the liquor ratio used 602 for dyeing achieves the same outcome as adding inorganic electrolyte to the direct dye dyebath, 603 namely promotion of dye uptake. Since, as discussed above, it is assumed that in the absence of 604 dye-fibre reaction, the adsorption of reactive dyes on cellulosic fibres occurs in a manner analogous 605 to that of direct dyes (7), then a similar situation should apply in the case reactive dye uptake on 606 cotton. 607 608 4.1.2 an equation that relates to the final dye distribution at the end of dyeing 609
In the case of the model proposed for direct dyes on cellulosic fibres (4), the effect of liquor ratio on 610 the final distribution of the dye between the fibre and dyebath phases at the end of an exhaust 611 dyeing process can also be explained from a theoretical viewpoint in the context of the partition 612 expressed by Eq 3. For this, Eq 6 was derived, where L is the fractional liquor ratio, as defined in Eq 613 
Highlights
• the role of liquor ratio in reactive dye application is modelled
• interstitial water is used to show that low liquor ratio reduces dye solubility
• reducing liquor ratio promotes dye aggregation
